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The dark matter parameter space

~—— e

t""',/

Y
1A.:;1’T° ‘

10722V 10 %eVv 1013 eV 1028 eV 107t eV

Fuzzy DM Axions Compact objects

“light DM”

FIMPs, SIMPs, ADM...

;}‘




SNSPD detectors

Superconducting Nanowire Single-Photon Detector




Sub-GeV DM

Structure limits
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Electron recoils for light DM

Match DM mass to target mass

Agnese et al. [2018]
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This talk in one slide

1. New approach to DM-electron scattering

Materials physics — keV-scale experiments

2. Superconducting detectors

Mechanism of operation and design considerations

3. Superconducting nanowires

New bounds and near-future prospects
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All is not well with 1-particle language

No spin-orbit
Spin-orbit
7

Hochberg et al. [2018]

DM does not interact with just one particle.

e Complicated to compute (collective modes!)
e DM model dependence (sometimes wrong!)

e Each calculation is in a different language

O W) detector — X )Y )detector




DM interactions

in dielectrics

Yonit Hochberg, Yoni Kahn, Noah Kurinsky,
BVL, To Chin Yu & Karl Berggren

2101.08263, PRL

*See also Lin, Knapen & Kozaczuk, 2101.08275, PRD



Idea: separate probe and response

X X

Response described by complex dielectric function,

Vapplied q = momentum transfer
e(qw) =

Vapplied + Vinduced w = deposited energy

Same quantity as in ordinary screening
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DM scattering rate
-]

@ Predictable: e admits analytical approximations

d3q o[, 4* 1
anyp @) [26_2 fm (_e<q, w0 ) ]
| S ——

“Loss function” W

Random phase approximation / Lindhard model, Drude model...
@ Cmpirical: e is directly measurable
EELS, X-ray scattering...
©® Flexible: works for many targets, most DM models
8x8e
Vig) ~ ——5—

2
med

- (spin-independent)
q*+m

@ |Inclusive: e contains all collective modes
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Understanding e — screening

Just like E&M!

Aluminum Superconductor, Light Mediator
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Understanding e — plasmons

&S & T
S &,
L L Ol LWL
TS &

A collective oscillation of electrons

Shows up as a resonance in the loss function




Projected reach for ideal experiment

Light Mediator (scalar or vector)
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Nearly ideal:

Superconducting
detectors

Yonit Hochberg, Eric David Kramer, Noah Kurinsky & BVL
2109.04473

Yonit Hochberg, BVL, llya Charaey, Jeff Chiles,
Marco Colangelo, Sae Woo Nam & Karl Berggren

2110.01586



Superconductors: simple version

Central idea of direct detection:
DM induces measurable transitions

@ @7 e.g. ionization for atomic targets

“Cooper-pair breaking”
Low threshold from gap 2A ~ meV

Fermi surface ©
gap 2A Free electrons ¥
~+ [simplified picture] Use ¢
10)sc
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Nature of the excitations

“Broken Cooper pairs”

honons
s @ R @

Below T¢, transition to superconducting vacuum |0Ogcs),
with a condensate of Cooper pairs: (c_x|ck) # 0.

H = kz éfkclto_cko- + th, Ve (C;Tciklbf + b;c_gleT - b;b[)
o

CkT = Uy YVk0 + VK VKL Bogoliubov

T = VYO UKy quasiparticles

Diagonalize H with {
k|

) 10Bcs) — ) |QP . QP2)
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Down-conversion

What does the final state look like?
© DM interaction produces pair of OPs
® Energetic OPs relax by emission of phonons
® Energetic phonons relax by OP pair production

QP
DM phonon

DM

Final state consists of numerous QPs and phonons
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Superconducting
nanowires

Yonit Hochberg, BVL, llya Charaey, Jeff Chiles,
Marco Colangelo, Sae Woo Nam & Karl Berggren

2110.01586



SNSPD detectors

Superconducting Nanowire Single-Photon Detector

Real new constraints with < 8-day run, 4.3ng
4 dark counts observed (interpreted as background)
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SNSPD operation

> T
T 4
SC phase 7. metal phase
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SNSPD operation

B metal phase

Superconducting wire current-biased near transition
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SNSPD operation

DM scattering
or absorption

” Hot-spot (i)

Extremely low dark count rate
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DM scattering in a thin layer

Detector response depends on geometry

N\ N\ VAN

substrate detector substrate
> +Xx
¢

A

Back to the macroscopic picture:
@ Poisson equation € V2¢ = pgei(@x-wt)
@ Use ansatz ¢ = y(x)ei(@*@1) and impose BCs

9 Compute time-averaged power dissipated

Effective loss function

1 . x
Ry

17 Hochberg+ & BVL 2110.01586; Lasenby & Prabhu 2110.01587
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Thin-layer response function

50
ql =0.1
<_\ Thin-layer limit £ < 1/q
40 Surface effects dominate
30 A
t
S
§ Bulk limit £ > 1/q
20 - Plasmon at w = wp
a=16 /
10 _
=40 0 =10.0
0 - u u T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
w/wp .
deposited energy

18 Hochberg+ & BVL 2110.01586; Lasenby & Prabhu 2110.01587



Geometric effects

Relevant for ¢ < 1/(7nm) ~ 30eV
— biggest effect for mpy; < 100 keV

/‘I‘

vacuum

250 nm /
P
2 nm d Si0;
/nm EWsi
150 nm
€SiOo

380 um

semi-infinite

4
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New constraints on DM scattering

prototype exists

~ Light mediator
e B N
! ~. Previous E‘)“_nd —|
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Conclusions

New experiments will powerfully probe light DM

plaston widihs (g = 106V)

In(-1/¢)

Superconductors New constraints from
SNSPD devices

Dielectric formalism
as detectors

for light DM
Nanowires can lead exploration of this regime
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Hidden sector



Dielectric details

© Interaction Hamiltonian couples to electron density
@ Interaction is weak (very safe for DM)
® lon contribution to the material response is small

Under these conditions,

/T 2 ,
L= (/5P| Hinsl0:p ) 276 (wy + E}, - E,)
S

N d3q

Hint = (271’)3 eiq~r)(V(q)/3(q)

Dielectric function emerges

A~ 2 1
;|<f|p<q>|0>|26<wf —w) = %Im (_e(q, w))
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The dielectric function e — macro

probe p; ps response

{iq -D(q) = 4np;i(q)

e(q) = lim D(a) (:1
iq-E(q) = 4n[pi(q@) + ps(q)] pi—0 E(q) - q

. L /A C VR
Linear regime:  €(q) = (@) + s (@)

24
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The dielectric function e — micro

3
AU =~ Q10,5 d’q 4_773111‘(1’»1—112)><

(27)3 ¢?
dre?/q> [P . .
1-——— T‘r e s e\™Y,
ot [Car{rsdanian)

Compare with Coulomb interaction

d3q 4n 1
V(R - Ro) = =7 i (Ri-Rg) _ =
(R1 - Ry) Q1Q2/(27r)3 72 @
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The dielectric function e — explicit

See e.g. Mahan [2013]

6(1q) - —4”{3;/1"2 /0 % ar (T pe(a 1) e (-a.0)
e
e N TP

4me?
e(@=1- 7 Pipi(q)

Random phase approximation (RPA)

4re?
erpa(@) =1~ P (q)
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The Lindhard function

0 _f0
erpa(q,w) =1- =— Z Z S (Exvqer) = f (8k5)

=~ Exiq,tr — Exe —w —ie

Lindhard (RPA) dielectric function

r,
T—0 3wp |1 kp q w+zF Z —‘;c;
€RPA = T+ 2 +4 1- 2k - q (uﬂf
s K i e " qvr
r
kp ( q +w+i1") L (2/‘5 + +1)}
(4 og | 22E__4vF
q T
4q 2k qvF s+ ‘;:’F -1
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Understanding e — sum rules

Causality — analyticity — Kramers—Kronig relations

¢ satisfies sum rules 10-2 Aluminum Superconductor, Light Mediator
N —-= Acausal
10-3] \, —— RPA

0 1y 7m 4
/(; dw wIm (—2) = §wp .«.—:‘1[]‘:‘“

o L.
. 1 1 T IS 10-38
lim do—Im|-——]|==
q—0 Jo w € 2
1[]—1(]
Quickly corrected 10-12 . . . . i
i - 1078 1072 107t 100 10! 10? 103
iterature projections Dark Matter Mass [MeV]

True reach is significantly better
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New constraints: absorption

—— Bulk response 12 Tevioy
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